Type II restriction endonuclease activities of Helicobacter pylori strain Roberts and of the type strain H. pylori NCTC 11637 were detected and analysed by conventional techniques. The endonucleases were partially purified, their optima for activity and their recognition and cleavage sites were determined. H. pylori (Roberts) contained at least two enzymes: HpyBI was an isoschizomer of RsaI (GT/AC) and HpyBII was of a novel specificity (GTN/NAC). H. pylori NCTC 11637 was found to contain an isoschizomer of EcoRV (HpyCI: GAT/ATC) and at least one other enzyme which was too unstable to characterise. ß
Introduction
Helicobacter pylori is a micro-aerophilic, £agel-lated Gram-negative bacterium that is thought to be a causative agent of gastric ulceration and, possibly, of gastric cancer [1] . It occupies an unusual ecological niche, has a limited metabolic capability and is a common commensal or pathogen of humans.
The complete genomes of H. pylori 26695 and H. pylori J99 have recently been sequenced [1, 2] . Considerable genomic diversity has been described among H. pylori isolates [3, 4] , but the comparison of the genomes of the 26695 and J99 strains suggests that much of this can be ascribed to minor rearrangements of genes or di¡erences between genes in these strains [2] .
The genome sequence of strain 26695 has revealed 11 putative restriction-modi¢cation systems, comprising three type I, one type II, three type IIS and four type III systems, as well as seven adenine-speci¢c methylases and four cytosine-speci¢c methylases which may be part of additional restriction-modi¢-cation systems [1] . These systems account for about 3.3% of the coding capacity of the H. pylori 26695 genome and are organised di¡erently in strain J99 [2] . Nine type II methyltransferases are conserved between the strains, one of which is the hpyIM gene [5] present in many H. pylori strains. Each strain has restriction-modi¢cation genes not found in the other (15 in 26695 and 16 in J99) [2] . Ramakrishna et al. [6] reported the recognition speci¢c-ities of two restriction endonucleases from H. pylori that had an identical recognition speci¢city to Sau96I (GGNCC) and DdeI (CTNAG), although their cleavage sites were not reported. The number and variety of restriction-modi¢cation genes in H. pylori may provide an`index of relatedness' [7, 8] constraining genetic exchange between di¡erent strains, in addition to the limitation that sequence homology places on gene transfer [9] .
The related genus Campylobacter has been a rich source of restriction endonucleases [10] , including those of novel speci¢city [11] . H. pylori may also be a rich source of restriction endonucleases. We have not undertaken a detailed search for enzymes in this genus, but have tested those strains used in our laboratory. In this paper, we describe the isolation and partial characterisation of type II restriction endonucleases from two H. pylori strains and the identi¢cation of one enzyme with a novel recognition speci¢city.
Materials and methods

Bacterial strains and growth
H. pylori strains NCTC 11637 and Roberts were maintained and grown in IsoSensitest broth (Oxoid) containing 2% calf serum at 37³C under an atmosphere of 5% CO 2 , 5% O 2 , 90% N 2 in an enclosed cabinet. Large scale cultures (1 l of the above broth pre-equilibrated with the same gas medium in 2-l Erlenmeyer £asks) were inoculated with 10 ml overnight culture of H. pylori, the £asks were sealed with para¢lm and shaken at 37³C with no gas exchange. After overnight growth, cultures were checked microscopically and by a urease test [12] . The cells were harvested by centrifugation, washed once in phosphate-bu¡ered saline, pH 7.0, and stored frozen at 370³C. Cells from di¡erent culture £asks were pooled for freezing.
DNA
Bacteriophage V, PX174 DNA and plasmid DNAs were prepared as described elsewhere [13] . Chromosomal DNAs from frozen (370³C) cells of Rhodobacter sphaeroides and fresh H. pylori cells were prepared by gentle phenol extraction according to standard methods [14] . Escherichia coli chromosomal DNA was purchased from New England Biolabs. All DNA manipulations were performed essentially as described in [14] .
H. pylori restriction endonuclease puri¢cation
Cell pastes stored at 370³C (ca. 10 g) were resuspended in 16 ml PCI bu¡er (0.1 M potassium phosphate, pH 7.4, 0.1 mM EDTA, 10 mM 2-mercaptoethanol, 10% glycerol, containing as protease inhibitors: 0.02 mM phenyl-methyl-sulfonyl-£uoride and 0.05 mM benzamidine) and sonicated at 0³C in 10U30-s bursts. Following centrifugation at 100 000Ug for 90 min, the clear supernatant was retained, centrifuged again at 100 000Ug for 60 min to remove residual lipids and ¢ltered through a GF/ C glass ¢bre ¢lter. The ¢ltrate (ca. 15 ml) was loaded onto a 12U2-cm column of phosphocellulose P11 (Whatman), washed with two column volumes of PCI bu¡er and eluted with a 100-ml gradient of 01
.0 M KCl in PCI, 2-ml fractions were collected. Active fractions were identi¢ed by digestion of bacteriophage V DNA as described elsewhere [13] . Active fractions to be further puri¢ed on DEAE-Sephadex (Pharmacia) were dialysed against PCI bu¡er. Those to be further puri¢ed on hydroxyapatite HAP-1 (Bio-Rad) were loaded immediately onto the column. (Fractions showing a low enzyme activity were ¢rst dialysed against PCI and concentrated by binding to phosphocellulose P11, followed by elution at a high KCl concentration). DEAE-Sephadex columns (10U2 cm) were eluted with a 100-ml gradient of 0^1 M KCl in PCI. HAP-1 columns (10U 2 cm) were eluted with 100 ml 0.1^0.4 M potassium phosphate, pH 7.4, in PCI. Sephacryl columns (20U2 cm) were eluted with 200 ml PCI bu¡er. Enzyme preparations were concentrated for storage by dialysis against PCI bu¡er containing 50% (v/v) glycerol and were stored at 320³C.
Characterisation of endonuclease recognition and cleavage sites
The optimal conditions of salt concentration, pH and temperature for each partially puri¢ed enzyme preparation were determined as described elsewhere [13] . Digestion of DNA from bacteriophage V, PX174 (RFI DNA) [15] and M13mp8, plasmids pUC18, pUC19 [16] , ColE1 [17] , pBR322 [18] and pUB3466 [19] was used to identify sites of cleavage of the enzymes. Sites on pUC19, pUB3466 and pBluescript SK(+) (Stratagene) were mapped by double digestion with other endonucleases. DNA fragments were analysed by electrophoresis on a 1% agarose gel in 90 mM Tris-borate, 0.25 mM EDTA bu¡er, pH 8.3, in the presence of 0.25 Wg ml 31 ethidium bromide and visualised on a UV transilluminator.
The recognition and cleavage sites of the partially puri¢ed restriction endonucleases were determined by a standard method [20] and by the modi¢cations thereof described in Section 3.
Results
Puri¢cation of restriction enzymes from H. pylori (Roberts)
Active fractions were identi¢ed from the initial phosphocellulose P11 column in both the initial wash fractions and in the early part of the salt gradient (data not shown). The most active fractions in each were separately pooled and further puri¢ed by one further chromatographic step. The active fractions in the early part of the salt gradient contained an endonuclease that was retained on HAP-1. Elution from HAP-1 gave active fractions that were apparently free of non-speci¢c nucleases (designated HpyBI). The active`wash' fractions from P11 contained an endonuclease activity that was retained on DEAE-Sephadex and was apparently free of nonspeci¢c nucleases (designated HpyBII). Both activities gave simple cleavage patterns on bacteriophage V DNA. Further analysis of the puri¢ed fractions on each of HAP-1, DEAE-Sephadex, phosphocellulose P11 and Sephacryl columns suggested that these were single endonucleases.
Standard assays on bacteriophage V DNA showed that the endonuclease activities were Mg-dependent and did not require ATP or S-adenosyl-methionine. In Tris-Cl bu¡ers containing 5 mM 2-mercaptoethanol, the optimum conditions for digestion were pH 7.5, 55³C, 10 mM MgCl and 100 mM KCl for both enzymes.
Puri¢cation of restriction enzymes from H. pylori NCTC 11637
Active fractions were identi¢ed following phosphocellulose P11 chromatography in two distinct peaks (data not shown). The ¢rst peak came through in the wash after loading the column and appeared to give a simple pattern on digestion of bacteriophage V DNA. Active fractions were pooled and chromatographed on DEAE-Sephadex. A single peak was recovered, fractions were pooled and concentrated by dialysis against 50% glycerol in PCI bu¡er. This was designated the HpyCI preparation. The second peak of activity was retarded on P11 chromatography and eluted at a low KCl concentration. Activity in the pooled dialysed fractions did not bind to DEAE-Sephadex but was bound to HAP and eluted in the phosphate gradient as a single peak. Active fractions were concentrated by dialysis against 50% glycerol in PCI bu¡er and used as the HpyCII preparation.
Only HpyCI gave a simple digestion pattern on bacteriophage V DNA. Numerous attempts to obtain simple and reproducible digestion patterns with Hpy-CII on a variety of DNAs were not successful. Both activities were Mg-dependent and did not require ATP or S-adenosyl-methionine. In a bu¡er containing 10 mM Tris, pH 7.5, 10 mM MgCl 2 , 5 mM 2-mercaptoethanol, HpyCI activity was maximum at 37³C and with no added NaCl and HpyCII activity was maximum at 50³C and 25 mM added NaCl. Because of its instability and lack of stoichiometric digestion products, further attempts were made to purify HpyCII for characterisation, but these were unsuccessful and activity was rapidly lost.
Determination of the recognition and cleavage speci¢cities
Digestion of the plasmids and bacteriophage DNAs of known sequence indicated that HpyBI cleaved at or near RsaI sites. That the recognition speci¢city was identical with that of RsaI was suggested by parallel and double digestion of pUC19 DNA with HpyBI and RsaI. The cleavage site of HpyBI within the polylinker of plasmid pUC19 DNA [16] was determined by dideoxynucleotide sequencing [21] using the`347' synthetic oligonucleotide primer (New England Biolabs) on alkali-denatured double-stranded pUC19 DNA. The HpyBI cleavage site was located alongside the sequence tracks [20] and found to be identical with that of RsaI: 5P-GT/AC. Chromosomal DNA isolated from the R. sphaeroides strain producing RsaI (a gift of Dr. W. Ankenbauer) was resistant to HpyBI digestion, but not to HpyBII (data not shown). Chromosomal DNA isolated from H. pylori (Roberts) is resistant to digestion with RsaI as well as HpyBI and HpyBII, whereas that from H. pylori 11637 is digested by all three enzymes (data not shown). Because of the low speci¢c activity of Hpy-CI, no de¢nitive conclusions about the activity against either chromosomal DNA could be drawn.
HpyBII was mapped on pUC19 DNA in single and double digests with EcoRI and RsaI and found to map close to sequences with the consensus 5P-GTNNAC. Further digestion of pUC19 with SalI (GTCGAC), HincII (GTYRAC) and AccI (GTMKAC) (Fig. 1) and comparison of predicted and actual cleavage patterns on a number of DNAs of known sequence con¢rmed this assignment. No additional bands beyond those in the Hpy-BII digest were generated by any of the other enzymes. No enzyme has previously been reported with this speci¢city. The cleavage site of HpyBII was determined as described for HpyBI using the HincII site in the polylinker of pSK(+) (Stratagene) and the`347' synthetic oligonucleotide primer (New England Biolabs). The alignment of bands indicated that HpyBII cleaved to give blunt ends in the sequence 5P-GTC/GAC, demonstrating that the cleavage speci¢city was 5P-GTN/NAC.
HpyCI cleavage sites mapped close to the EcoRV sites in pUC19, pBR322, V and adenovirus-2 DNA. The cleavage site was sequenced [20] by the dideoxynucleotide method [21] on single-stranded bacteriophage M13mp18 DNA, using the standard M13 sequencing primer. The HpyCI cleavage site was identical with that of EcoRV: 5P-GTA/TAC.
A site cleaved by the HpyCII preparation was located close to the NotI cleavage site in the pSK(+) polylinker sequence, but this apparently mixed preparation could not be further characterised.
Discussion
The isolation of novel type II restriction endonucleases has been an objective of a number of laboratories over the last 20 years and has allowed for new ways of analysing and manipulating genomes. The isolation of restriction enzymes of a novel recognition speci¢city is becoming increasingly unusual, but enzymes with new recognition and cleavage sites are still useful in the manipulation of DNA and for specialised applications, such as restriction enzymemediated mutagenesis [22] .
It was surprising that a large number of putative restriction and modi¢cation genes were identi¢ed in the small genome of H. pylori [1, 2] . The biological functions of restriction and modi¢cation enzymes in this organism are not clear. There are few reports of bacteriophage in Helicobacter [23, 24] , but many strains are naturally competent [24, 25] and have conjugative mechanisms [26] and may need to protect themselves against foreign DNA for this reason. H. pylori occupies an unusual biological niche, the stomach of its host, and in many cases, only one strain is resident, although several strains have been found in a single host [27] . There seem to be a few other reservoirs for the organism [28] . Opportunities for genetic exchange between di¡erent strains are therefore limited and likely to be rare.
It is possible that the restriction-modi¢cation systems are not merely to prevent transformation, but to permit closely related organisms, with similar restriction-modi¢cation pro¢les, to exchange genetic information while preventing distantly related Helicobacter from doing so. Restriction-modi¢cation systems are not simply barriers to genetic exchange, but may specify the direction of exchange of genetic material. We have previously proposed that restrictionmodi¢cation systems act as an`index of relatedness' between strains of the same species or members of the same genus [7, 8] .
Three of the enzymes isolated here had temperature optima of 50³C or above, whereas H pylori has a growth range of 25^40³C. There is no direct relationship between the optimum temperature for an individual enzyme and the growth range of the organism in which it is found, but we note that the genome sequences suggest that the restriction-modi¢cation systems of strains 26695 and J99 have an unusual G+C content and may have been acquired by horizontal transmission [2] . This may also be true for the restriction-modi¢cation systems of strains Roberts and NCTC 11637.
The relationship of H. pylori NCTC 11637 and H. pylori Roberts is not known, but they appear to have di¡erences in restriction endonuclease pro¢les under the conditions in which the organisms were cultured. The H. pylori genome has been reported to undergo rearrangement [3] , although these are likely to be less major than originally predicted [2] and it may be that the many restriction-modi¢cation systems are involved in such rearrangements.
